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The ultra-violet (UV) and vacuum ultra-violet (VUV) resistance of bridging alkylene groups in
organosilica films has been investigated. Similar to the Si-CH3 (methyl) bonds, the Si-CH2-Si
(methylene) bonds are not affected by 5.6 eV irradiation. On the other hand, the concentration of
the Si-CH2-CH2-Si (ethylene) groups decreases during such UV exposure. More significant dif-
ference in alkylene reduction is observed when the films are exposed to VUV (7.2 eV). The ethyl-
ene groups are depleted by more than 75% while only about 40% methylene and methyl groups
loss is observed. The different sensitivity of bridging groups to VUV light should be taken into
account during the development of curing and plasma etch processes of low-k materials based on
periodic mesoporous organosilicas and oxycarbosilanes. The experimental results are qualita-
tively supported by ab-initio quantum-chemical calculations.VC 2016 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4939449]
Low-k dielectrics are needed in order to reduce the
resistance capacitance (RC) delay and the capacitive-
power dissipation with the downscaling metal interconnect
dimensions in next generation ultra-large-scale integration
devices.1,2 The semiconductor industry has so far been
using silica-based films for inter-metal and inter-layer
dielectrics3 mostly deposited by plasma enhanced chemical
vapor deposition (PECVD). The silica based-materials
seem likely to continue to be used because of material
breakthroughs which could alleviate the current low-k inte-
gration challenges. In this regard, the organosilicate materi-
als containing Si-R-Si (R¼(CH2)x), called oxycarbosilane,
and, by extension, the PMO4–6 films have been shown to
possess higher cohesive and adhesive fracture energies7 as
well as higher Young’s modulus (E)8,9 than amorphous
silica and methylsilsesquioxane or carbon-doped oxides
(CDOs), the two latter materials containing C only in the
form of methyl groups. Additionally, the control over the
pore organization leads to further improvement of E.9–11
All these advantages make oxycarbosilane based materials
very promising for sub 10-nm technology nodes because
further scaling of dielectric constant of PECVD deposited
materials meets fundamental problems.12
Besides the mechanical properties of the low-k films, the
common challenge of silica based low-k materials hindering
their integration is the plasma induced damage (PID).
However, the presence of bridging alkylene groups has been
shown to lead to reduction in the PID13,14 as compared with
only methyl groups. Additionally, quantum chemical calcula-
tions have revealed improved oxidation resistance for alkylene
compared with methyl groups.15 Furthermore, it has been
reported that the length of the bridging group influences the
cohesive fracture energy,7 the E, and the hardness.9 The con-
trol over the pore structure is also limited by the length and
the rigidity of the bridging organic group.16 Notably, while
the plasma-enhanced chemical-vapor deposition is the estab-
lished deposition approach throughout the IC industry, the
sol-gel route can provide better compositional and structural
control over the film properties.17
The effect of UV light on low-k is of major interest in two
main contexts: (i) UV-assisted thermal porogen removal (UV-
cure) and (ii) plasma processing. For porogen removal the
energy of the radiation can be independently controlled in order
to optimize polymer decomposition and low-k properties
enhancement.18–20 On the other hand, in plasma processing the
energy and intensity of the photons are determined by the
required chemistry and plasma conditions. For example, the typ-
ical fluorocarbon-based plasmas used for low-k etching emit
photons in the wavelength range 100–350nm21 and the extent
of their impact correlates with the penetration depth.22
Therefore, it is of paramount importance to quantify the contri-
bution of the UV light to the PID.23–25 There are numerous stud-
ies reporting the effect of UV on CDO films18,19,22 but it has not
been investigated in detail for alkylene-bridged films.26,27
In the present study, we have utilized Fourier-transform
infra-red (FTIR) spectroscopy to investigate the stability of
ethylene and methylene bridging groups during UV (KrCl*
excimer, 2226 1.2 nm; I¼ 130W/m2) and VUV (Xe2* exci-
mer, 1726 12 nm; I¼ 15W/m2) exposure. The low-k films
investigated here are spin-coated hybrid oxycarbosilane
films. The first material obtained through the acid-catalyzed
polycondensation of 1,2-bis(triethoxysilyl)ethane contains
ethylene groups (EtLK) while the second material which was
obtained from 1,2-bis(triethoxysilyl)methane and triethoxy-
methylsilane contains methylene and methyl groups (MeLK).
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A nonionic PEO-hydrocarbon ((C2nH4nþ2Onþ1)–(CmH2mþ1))
block copolymer was employed as a template. The UV irradi-
ation time was varied between 1 and 10min. The processing
chamber was evacuated down to 5mbar before flushing with
N2 to maintain a pressure of 20mbar. Afterwards, the temper-
ature was increased by a heater element from room tempera-
ture to 400 C within 2min. Reference samples were
annealed at 400 C for 3, 5, and 10min28 without irradiation.
The FTIR spectra in the 500–4000 cm1 range associ-
ated with the only thermally treated reference samples EtLK
and MeLK films are presented in Fig. 1. The band at
1250–950 cm1 is usually attributed to the absorption from
three different oxide structures—network, cage, and subox-
ide.29 However, overlapping in this region is the signal from
the alkylene bridges: Si-CH2-Si
30,31 at 1080–1040 cm1
and Si-CH2-CH2-Si
32 at 1160 cm1. While the band below
900 cm1 is often ascribed to Si(CH3)x groups,
29 for EtLK it
has been explained in terms of tilting vibrations and transla-
tional oscillations of the ethylene unit against the rest of the
molecule.33 Nevertheless, contribution from Si(CH3)x is not
excluded due to conversion of the alkylene groups into
alkyl.34,35 Furthermore, the region below 3000 cm1 con-
tains the signals associated with the C-H stretch vibrations in
-CH3 (2975 and 2905 cm
1) and -CH2 (2930 and 2880 cm
1)
units. The CH3 groups in MeLK are bonded to the matrix as
Si-CH3 while the CH2 signal is mainly attributed to the
remaining template. On the other hand, due to the ethylene
groups in the matrix, the spectrum of EtLK is characterized
by intense CH2 bands even when the surfactant is virtually
removed. Next, the peak at 1275 cm1 in MeLK is attributed
to Si-CH3. However, in EtLK we attribute the peak at
1270 cm1 mainly to C-H bending in Si-CH2-CH2-Si
although the formation of Si-CH3 is not excluded due to the
thermal instability of organic species but it has not been
demonstrated.
We estimate the concentration of the ethylene bridges
by the absorption at 1415 cm1 which has been attributed
to out-of-plane rocking of Si-C and deformational vibrations
of C-H bonds.15,31,36 The latter band is a suitable indicator
since it does not overlap with band(s) produced by the or-
ganic template. However, the cleaving of the Si-CH2-CH2-Si
chain, which is expected to result into Si-alkyl groups, leads
to absorption at the same frequency.35,37 On the other hand,
the Si-CH2-Si is monitored by the signal at about 1360 cm
1
which has been attributed to C-H bending mode.29,31,38 The
latter overlaps with a broad peak centered at 1350 cm1
originating from the hydrocarbon chain of the template.39
Consequently, the concentration of methylene bridges before
the UV cure cannot be unambiguously estimated by FTIR.
Nevertheless, the absorption due to the template can be
shown to be negligible between the 3 and 10min UV cure
for both of the photon energies of 222 and 172 nm.27
Fig. 2 depicts the peaks assigned to the alkylene groups.
Exposure of EtLK to 222 nm photons leads to about 10%
FIG. 1. FTIR spectra of the reference
(thermally treated) (a) EtLK and (b)
MeLK.
FIG. 2. FTIR spectra zoomed in the
region attributed to Si-CH2-CH2-Si in
EtLK after (a) 172 nm (b) 222 nm and
to Si-CH2-Si in MeLK after (c) 172 nm
(d) 222 nm UV cure.
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decrease of the ethylene peak intensity when comparing
3min with 10min cure. On the other hand, 172 nm cure
results in 75% intensity reduction between 1 and 10min
cure which decreases the associated signal down to noise
level. In comparison, the methylene peak in MeLK is also
diminished by about 10% by the exposure to the 222 nm
light. However, only 40% intensity loss of the methylene
peak is observed after exposure to 172 nm photons.
In general, the Si-C bonds are less affected by photons
with k¼ 222 nm as compared with k¼ 172 nm.28 However,
there is a significant difference in how the irradiation affects
these two films. While for MeLK the decrease of the methyl-
ene peak can be attributed to a self-hydrophobization pro-
cess35 which is also supported by the increased intensity of
the bands assigned to Si-O-Si and Si-CH3, the decrease of
the ethylene peak in EtLK cannot. On the contrary, we
observed an increase of about 10% of the intensity of the
peak at 1415 cm1 with anneal time for the reference EtLK
samples when compared with the not-annealed spectrum.
The increase is attributed to the higher concentration of the
absorbing species such as C-H bonds caused by the ther-
mally induced bond rearrangement as a result of which the
–CH2– groups are transformed into –CH3. Since we do not
expect any detrimental effect on the Si-alkyl groups29 we at-
tribute the 222 nm UV-induced decrease of the 1415 cm1
peak to fragmentation of the Si-CH2-CH2-Si chain.
Additionally, Si-H bonds formation is evident from the
bands at 885 cm1 and 2250 cm1, whose intensities and cal-
culated areas under the curves (AUC) increase with exposure
time. Fig. 3 depicts the evolution of the absorption at
885 cm1. Furthermore, Si-H is not present in the reference
EtLK films indicating that it is generated during the exposure
to UV light. The observed Si-H bond signals hint at forma-
tion of Si dangling bonds passivated by H atoms or radicals.
The latter are present as a result of the UV-assisted template
decomposition which involves C-H bonds breaking.40 Fig. 3
further emphasizes the different effects of the 222 nm light
on EtLK and MeLK by showing no Si-H bond formation for
MeLK.
The damaging effect of the VUV light (k< 200 nm) on
the organic component of the hybrid low-k and specifically
on the methyl groups is well-known.22,29 While our results
conform to the previous reports, we observe about twice
more significant effect on the ethylene as compared with the
methylene groups (Figs. 2(a) and 2(c)). Additionally, after
10min VUV exposure the intensity of the peak attributed to
Si-CH3 (not shown) in MeLK decreases to 70% compared
with its intensity after 1min cure similar to the Si-CH2-Si
peak which decreases to 60% compared with its intensity
after 1min cure (Fig. 2(c)).
Rakhimova et al.22 reported an increase of the quantum
yield for breaking Si-CH3 bonds by VUV photons for films
with 50% porosity compared with films with 45% poros-
ity. The latter suggests that the differences we have dis-
cussed so far might be due to the porosity difference
between a 55% porous EtLK with respect to 45% porous
MeLK. This hypothesis was tested by depositing EtLK
(38%–40%) and MeLK (33%–38%) with the same target
porosity and exposing them at 400 C to 172 nm light for 2,
5, and 10min. This experiment was performed with a differ-
ent lamp whose intensity is not available. Fig. 4 shows the
intensity changes of the peaks attributed to the alkylene
groups relative to the first measured point. The intensity of
the methylene peak decreases by about 10% increasing the
exposure time from 2 to 10min but the ethylene peak is
reduced by 60% in the same time range. The effects
observed in this additional experiment seem to be less pro-
nounced than those discussed earlier which is probably
related to the different intensity of the Xe2
* excimer source
or to the fact that the shortest VUV irradiation was 2min
instead of 1min. The latter seems especially relevant when
we consider the large difference in peak intensity after 1 and
3min exposure in Fig. 2(a). Nevertheless, this result con-
firms our observation that the ethylene bridging groups are
consumed faster than the methylene groups and porosity
does not play a significant role under the investigated experi-
mental conditions.
Quantum chemical calculations were performed using
the Density Functional Theory (DFT) B3LYP method41,42
(Jaguar version 8.3 program43) to study VUV spectra and
energetics of reactivity of various polymer compositions.
The structures of model polymers were optimized at B3LYP/
6–31(d,p) level. The frequency analysis was made at the
same level of theory to obtain thermodynamic parameters
such as total enthalpy (H) and Gibbs free energy (G) at
298K. The reaction enthalpies (DH) and Gibbs free energies
of reaction (DG) were calculated as the difference of the cal-
culated total enthalpies and Gibbs free energies between the
reactants and products, respectively. The energies of excited
FIG. 3. Area under the curve (AUC) observed for the peak at 885 cm1
attributed to Si-H after 222 nm UV cure.
FIG. 4. Evolution of the peak intensity attributed to the bridging alkylene
groups after 172 nm cure.
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states and electronic transition spectra were calculated using
the Time Dependent44 (TD) DFT method at B3LYP/
6–31þG(d,p) level of theory.
The results of the calculations are shown in Fig. 5. The
energy schema shows the formation of reactive triplet state
T1 after absorption of a high energy photon (e.g., 172 nm).
The dissociation reactions X1 and X2 lead to formation of
two radicals through Si-C bond and C-C bond scission,
respectively (Fig. 5(b)). The C-C bond scission is energeti-
cally more favorable than Si-C bond ones. However, it
should be noted that the r-electron from the highest occupied
molecular orbital, which has bonding character, is strongly
localized on Si-C bond (as shown for the structure (III)).
After excitation into the lowest unoccupied molecular or-
bital, which has r-character, this Si-C bond will be weak-
ened, facilitating dissociation reaction X1. From the
comparison of the possible dissociation reactions it can be
seen that decomposition of model polymer (II) with only one
CH2 group is energetically less favorable than that of (III).
In conclusion, it was demonstrated that the UV and
VUV irradiation have more detrimental effect on ethylene-
bridged oxycarbosilane films as compared with those con-
taining methylene groups. While it is known that photons
with lower energy (k¼ 222 nm) do not have any detrimental
effect on the Si-CH3 content, we showed that this also
applies for the bridging methylene groups. On the other
hand, the concentration of the bridging ethylene groups is
reduced even by the 222 nm light. The difference in the sta-
bility of these two alkylene groups is more apparent when
these films are exposed to 172 nm light. The ethylene groups
are depleted by more than 75% while methylene loss is lim-
ited to only 40%. The experimental results were qualitatively
supported by DFT quantum chemical calculations. Finally,
the different sensitivity of bridging groups to VUV light
should be taken into account during the development of cur-
ing and plasma etch processes of PMO and oxycarbosilane
based low-k materials that are considered as the most prom-
ising candidates for sub 10 nm technology nodes.
1M. R. Baklanov and K. Maex, Philos. Trans. R. Soc. A 364, 201 (2006).
2W. Volksen, R. D. Miller, and G. Dubois, Chem. Rev. 110, 56 (2010).
3G. Dubois and W. Volksen, “Low-k materials: recent advances,” in
Advanced Interconnects for ULSI Technology, edited by M. R. Baklanov,
P. S. Ho, and E. Zschech (John Wiley & Sons, Ltd., 2012).
4S. Inagaki, S. Guan, Y. Fukushima, T. Ohsuna, and O. Terasaki, J. Am.
Chem. Soc. 121, 9611 (1999).
5T. Asefa, M. J. MacLachlan, N. Coombs, and G. A. Ozin, Nature 402, 867
(1999).
6B. J. Melde, B. T. Holland, C. F. Blanford, and A. Stein, Chem. Mater. 11,
3302 (1999).
7G. Dubois, W. Volksen, T. Magbitang, R. D. Miller, D. M. Gage, and R.
H. Dauskardt, Adv. Mater. 19, 3989 (2007).
8H. Li, J. M. Knaup, E. Kaxiras, and J. J. Vlassak, Acta Mater. 59, 44
(2011).
9B. D. Hatton, K. Landskron, W. Whitnall, D. D. Perovic, and G. A. Ozin,
Adv. Funct. Mater. 15, 823 (2005).
10D. Jauffre`s, R. Dendievel, and M. Verdier, Thin Solid Films 520, 430
(2011).
11H. Fan, C. Hartshorn, T. Buchheit, D. Tallant, R. Assink, R. Simpson, D.
J. Lacks, S. Torquato, and C. J. Brinker, Nat. Mater. 6, 418 (2007).
12D. Michalak, J. Blackwell, A. Sengupta, J. Torres, J. D. Bielefeld, A. M.
Myers, J. S. Clarke, and D. Pantuso, Dielectric Material Strategies for
Interconnect Layers (Material Research Society Spring Meeting (MRS),
San Francisco, 2015).
13A. Grill, S. M. Gates, T. E. Ryan, S. V. Nguyen, and D. Priyadarshini,
Appl. Phys. Rev. 1, 011306 (2014).
14H. Kazi, R. James, S. Gaddam, U. Chiluwal, J. Rimsza, J. Du, and J.
Kelber, “Organosilicate glass dielectric films with backbone carbon:
Enhanced resistance to carbon loss in plasma environments,” in 2014
IEEE International Interconnect Technology Conference/Advanced
Metallization Conference (IITC/AMC), San Jose, pp. 237–241.
15S. Sugahara, K. Usami, and M. Matsumura, Jpn. J. Appl. Phys., Part 1 38,
1428 (1999).
16B. Hatton, K. Landskron, W. Whitnall, D. Perovic, and G. A. Ozin, Acc.
Chem. Res. 38, 305 (2005).
17M. R. Baklanov, C. Adelmann, L. Zhao, and S. de Gendt, ECS J. Solid
State Sci. Technol. 4(1), Y1 (2015).
18P. Marsik, A. M. Urbanowicz, P. Verdonck, D. De Roest, H. Sprey, and
M. R. Baklanov, Thin Solid Films 519, 3619 (2011).
19A. M. Urbanowicz, K. Vanstreels, P. Verdonck, D. Shamiryan, S. De
Gendt, and M. R. Baklanov, J. Appl. Phys. 107, 104122 (2010).
20A. Zenasni, F. Ciaramella, V. Jousseaume, Ch. Le Cornec, and G.
Passemard, J. Electrochem. Soc. 154, G6 (2007).
21H. Shi, D. Shamiryan, J.-F. de Marneffe, H. Huang, M. R. Baklanov, and
P. S. Ho, “Plasma processing of low-k dielectrics,” in Advanced
Interconnects for ULSI Technology, edited by M. R. Baklanov, P. S. Ho,
and E. Zschech (John Wiley & Sons, Ltd., 2012).
FIG. 5. Results of DFT quantum chem-
ical calculations: (a) energy scheme of
the radicals formation after excitation;
(b) model structures used for calcula-
tions; molecular orbitals are given for
the case of structure (III).
012902-4 Redzheb et al. Appl. Phys. Lett. 108, 012902 (2016)
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
146.103.254.11 On: Tue, 05 Jan 2016 16:55:55
22T. V. Rakhimova, A. T. Rakhimov, Yu. A. Mankelevich, D. V. Lopaev, A.
S. Kovalev, A. N. Vasil’eva, S. M. Zyryanov, K. Kurchikov, O. V.
Proshina, D. G. Voloshin, N. N. Novikova, M. B. Krishtab, and M. R.
Baklanov, J. Phys. D: Appl. Phys. 47, 025102 (2014).
23B. Jinnai, S. Fukuda, H. Ohtake, and S. Samukawa, J. Appl. Phys. 107,
043302 (2010).
24N. Matsunaga, H. Okumura, B. Jinnai, and S. Samukawa, Jpn. J. Appl.
Phys., Part 1 49, 04DB06 (2010).
25S. Uchida, S. Takashima, M. Hori, M. Fukusawa, K. Ohshima, K.
Nagahata, and T. Tatsumi, J. Appl. Phys. 103, 073303 (2008).
26W. Volksen, S. Purushothaman, M. Darnon, M. F. Lofaro, S. A. Cohen, J.
P. Doyle, N. Fuller, T. P. Magbitang, P. M. Rice, L. E. Krupp, H.
Nakagawa, Y. Nobe, T. Kokubo, and G. J. M. Dubois, ECS J. Solid State
Sci. Technol. 1, N85 (2012).
27M. Redzheb, L. Prager, M. Krishtab, S. Armini, K. Vanstreels, A.
Franquet, P. V. D. Voort, and M. R. Baklanov, “UV cure of oxycarbosi-
lane low-k films,” Microelectron. Eng. (submitted).
28L. Prager, P. Marsik, L. Wennrich, M. R. Baklanov, S. Naumov, L. Pistol,
D. Schneider, J. W. Gerlach, P. Verdonck, and M. R. Buchmeiser,
Microelectron. Eng. 85, 2094 (2008).
29S. M. Gates, D. A. Neumayer, M. H. Sherwood, A. Grill, X. Wang, and M.
Sankarapandian, J. Appl. Phys. 101, 094103 (2007).
30J. Heo, H. J. Kim, J. Han, and J.-W. Shon, Thin Solid Films 515, 5035
(2007).
31C. Rau and W. Kulisch, Thin Solid Films 249, 28 (1994).
32V. Rebbin, M. Jakubowski, S. P€otz, and M. Fr€oba, Micropor. Mesopor.
Mater. 72, 99 (2004).
33F. Hoffmann, M. G€ungerich, P. J. Klar, and M. Fr€oba, J. Phys. Chem. C
111, 5648 (2007).
34T. Asefa, M. J. MacLachlan, H. Grondey, N. Coombs, and G. A. Ozin,
Angew. Chem. Int. Ed. 39, 1808 (2000).
35C. Vercaemst, J. T. A. Jones, Y. Z. Khimyak, J. C. Martins, F. Verpoort,
and P. V. D. Voort, Phys. Chem. Chem. Phys. 10, 5349 (2008).
36Y. Kayaba, F. Nishiyama, Y. Seino, and T. Kikkawa, J. Phys. Chem. C
115, 12981 (2011).
37A. Grill and D. A. Neumayer, J. Appl. Phys. 94, 6697 (2003).
38S. Sugahara, T. Kadoya, K. Usami, T. Hattori, and M. Matsumura,
J. Electrochem. Soc. 148, F120 (2001).
39A. M. Dattelbaum, M. L. Amweg, J. D. Ruiz, L. E. Ecke, A. P. Shreve,
and A. N. Parikh, J. Phys. Chem. B 109, 14551 (2005).
40V. Jousseaume, A. Zenasni, O. Gourhant, L. Favennec, and M. R.
Baklanov, Ultra-Low-k by CVD: Deposition and Curing. In Advanced
Interconnects for ULSI Technology. Eds. M. R. Baklanov, P. S. Ho, and E.
Zschech (John Wiley & Sons, Ltd, 2012).
41A. D. Becke, J. Chem. Phys. 104, 1040 (1996).
42C. Lee, W. Yang, and R. G. Parret, Phys. Rev. B 37, 785 (1988).
43Jaguar, version 8.3, Schrodinger, Inc., New York, NY (2014).
44R. Bauernschmitt and R. Ahlrichs, Chem. Phys. Lett. 256, 454 (1996).
012902-5 Redzheb et al. Appl. Phys. Lett. 108, 012902 (2016)
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
146.103.254.11 On: Tue, 05 Jan 2016 16:55:55
